INTRODUCI'ION
HUBEL and WIESEL (1962) described neurons in the mammalian visual system which respond most ~gorou~y to a contour moving through the visual field in a particnlar direction. With repeated stimulation, the response of such cells diminishes (BARLOW and HILL, 1963; HUBEL and WIESEL, 1965) . Adaptation produced by prolonged viewing of uniformly moving contours has also been studied psychophysically with humans. For example, CARLSON (1962) has shown that the apparent velocity of a test contour is decreased signi8cantly by prior observation of contours moving in the same direction and was unaffected by observation of contours moving in the opposite direction. In a related study SEKULBR and GANZ (1963) found that observation of contours moving in one direction raises the threshold for a subsequently presented train of contours moving in the same direction. The parallels between these neurophysiological and psychophysical findings suggest that the human visual system contains elements which are direction-sensitive.
Another char&e&tic of the direction-sensitive neurons in lower animals is their velocity sensitivity, i.e. a given neuron is maximally responsive to a particular rate of motion (BARJ_OW, HILL and LEVICK, 1964; HUBEL and W~~XL, 1965) . We have attempted to learn whether, as might be predicted from the work on lower animals, different elements in human vision mediate the perception of contours moving at different velocities.
Basically, we attempt to produce adaptation in elements responsive to a particular velocity of contour movement. We then observe the effects of this adaptation upon the threshold for the detection of contours moving at different velocities. The degree to which adaptation with one velocity of motion affects the detection of contours moving at another velocity can be used to indicate the extent to which common elements respond to both velocities.
raTHOD Stimulation in the experiments was delivered in Maxwellian view to the subject's right eye using a three channel optical system. One channel provided a background of constant luminance and a small central fixation point. Stimulation from the other two channels was optically superposed upon this constant background. Targets were positioned in wellcollimated portions of each of the other channels, Each target consisted of 64 steel spokes evenly spaced about the circumference of a wooden disc. The discs were oriented vertically 1 Supported by grants from the National Institute of Neurogical Diseases and BIindncss (JW-06354) and the Northwestern University Research Committee. and could be rotated about their centers causing the horizontal spokes to move vertically through the beams in the respective channels. The discs were positioned so that the beam in each channel passed through only a few adjacent spokes, all of which moved in the same direction, up or down depending upon the direction of disc rotation. The adapting field was provided by one of these channels containing a target. When the adapting tield was presented, the subject saw alternating dark and light horizontal bars moving continuously upward. Each dark bar subtended l"l8' visual angle and each light bar subtended 2"44'. An identical pattern could be presented using the remaining test channel. The bars in the test channel could be made to move either upward or downward according to the procedure described below. Measured with a Spectra brightness spot meter, the luminance of the background was 0.2 ft.-L. The luminance of the bright portion of the adapting field was 25 f&L. A phototube and amp~ng system permitted continuous mo~to~ng of these luminance levels.
The adapting and test fields (both 12" in dia.) were presented to the subject in continuous, alternating cycles by the use of shutters driven by rotary solenoids. In each cycle the adapt&g field was seen for 185 sec. This was immediately followed by a l-5 set presentation of the test f&ld. Using a servo device, the subject controlled the position of a variable density photometric wedge mounted in the test channel. This permitted him to adjust the luminan ce of the light bars in the test field, keeping the bars in test field just visible (C&SK and VERNDN, 1941) . The position of the pho~me~c wedge was ~n~uo~ly written out on a strip-chart recorder.
The two authors served as subjects in this experiment. Somewhat di@erent procedures for obtaining the dependent measures were used for the two subjects. For one subject (P) a prooe&re~similar to that of Srrrcur~~ and GANZ (1963) was used. -Each session began with a six-minute adaptation period and consisted of eight four-minute blocks of testing. Within each block the direction of motion of the bars in the test channel was constant. The direction of test motion was alternated between blocks. Once in each four-minute block the experimenter himself randomly varied the optical density in the test chef. This made it impossible for the subject to know the position of the photometric wedge and provided a check on the reliability of his performance. The average optical density in the test channel within each four-minute block d&red the subws threshold during that period. From the record of the average optical density in the test channel at threshold, the log luminance of the light moving test bars (log d I) added to the constantly present background luminance was determined. In successive blocks these threshold increments provided measures for (1) a period in which test and adapting motions were in the srmte direction (hereafter, sanre thresholds) and for (2) a period in which test and adapting motions were in opposite directions (hereafter, opposite thresholds). With this experimental procedure, thresholds were measured for test-stimulus velocities of 2"/sec, So/see, and Y/see visual angle in conjunction with a number of different adapting velocities. Only one combination of adapting and test velocity was used in any session. Enough sessions were conducted to produce 10 independent estimates of the threshold for each kind of threshold, same and opposite, with all 2*/set test velocity conditions, and 8 estimates with all 5"fsec and 9"fseo test velocity conditions.
For the other subject (S) a somewhat different procedure was used. From a randomized starting position of the density wedge, this subject adjusted the huninance in the test channel over successive GYG~S of adapting and test periods until he was satisfied that a threshold setting was reached. The position of the wedge at that time, from which (log d I) could be determined, was recorded and another series begun. Same and opposite test conditions were randomly interspersed for each combination of test and adapting velocity studied. Over the course of two sessions with each combination, a total of 10 determinations was made for each same and each opposite threshold.
RESULTS
The mean log luminance of the light bars of the test pattern (log d 1) at threshold as a function of the velocity of adapting motion is given in Fig. 1 and 2 for subjects P and S respectively. In each of these figures, results from the Z"/sec test stimulus are shown in the top panel, results from the Y/set test stimulus in the middle, and results from the 9'/sec test in the lowest panel. Within each panel data from same and opposite conditions are represented separately. For any velocity of test motion, opposite thresholds were fairly constant across all the slower velocities of adapting motion. They were somewhat raised above this baseline with the fastest velocities of adapting motion used, i.e. 22"/sec and 45"/sec. In each of the panels of Fig. 1 and 2 , it can be seen that the same thresholds are higher than the opposite thresholds under certain conditions. The degree to which the same thresholds were elevated above the corresponding opposite thresholds under various experimental conditions can be seen more clearly in Fig. 3 . The data shown in Fig. 3 were obtained by subtracting the log opposite threshold from the log same%reshold for each subject and each combination of adapting and test velocity. This difference between corresponding szrr?re and opposite thresholds is the log relative threshold elevation shown on the ordinate in Fig. 3 . For each of the three test-bar velocities-2", Y, and 9"/sec-the relative threshold elevation was a curvilinear function of the velocity of adapting motion. In particular, (1) when the velocity of adapting motion was much slower or much faster than the velocity of the test bars, little or no relative threshold elevation was found; (2) when the velocity of adapting motion was in the vicinity of the velocity of the test bars, the largest relative elevations were found; (3) for any given velocity of the test bars, maximum relative threshold elevations occur& when the velocity of adapting motion slightly exceeded the velocity of the test bars (see arrows in Fig. 3) . Generally, these results can be summarized as displacements of the relative threshold functions rightward along the abscissa as the velocity of the test bars is increased. This is apparent from Fig. 3 in which the arrows indicating maximum relative threshold elevations shift rightward from the top to the bottom panel of the figure. Although the maximum relative threshold elevations for subject S for the Z"/sec and S"/sec test condition do not differ, the relative threshold functions as defined by the other data points are shit&d.
The functions shown in Fig. 3 have been plotted against a logarithmic velocity axis. This may tend to obscure one rather interesting aspect of the results. For all velocities of the test bars studied, as the velocity of the adapting motion is decreased relative to the test-bar velocity, the relative threshold elevation drops off quite steeply. In contrast to this, substantial relative threshold elevations can be obtained with velocities of adapting motion far higher than the velocity of the test bars.
DISCUSSION
When the velocity of adapting motion was in the vicinity of the test-bar velocity, the threshold for test motion in the same direction as the adapting motion was elevated relative to the threshold for motion in the opposite direction. These results rule out any simple FI~X 3. Log relative threshold elevation as a function of the velocity of adapting motion for each of three velocitk of test-bar motion. For each test-bar velocity the maximum relative threshold elevation is indicated by an upward arrow for subject S and a do~~rd arrow for subject P. Log relative threshold elevation=Iog ~anze threshold -log oppusitc threshold. inte~re~tion of the ~~~ based solely upon changes in brightness of the adapting field which may be a function of its different velocities. Brightness adaptation effects would presumably be the same for both directions of test motion, at least for any given adapting speed* Within limits of experimental error, the thresholds shown in Fig. 1 and Fig. 2 for the opposite conditions tend to remain constant, at least over the slower velocities of adapting motion studied. Furthermore, the relative threshold functions shown in Fig. 3 bear no direct relatio~p to the opposite thresholds; however, they are related to the test-bar velocities. The relative threshold functions are different for different test-bar velocities, demonstrating that the effects of any given adapting motion are not only direction-specific, but also velocity-specific.
The relationships among the flood shown in Fig. 3 imply that the detection of moving contours is not mediated by a single set of elements homogeneous with respect to their sensitivity to different velocities of motion. If this were the case, threshold elevations produced in such a set would be proportional to the set's sensitivity to different velocities of adapting motion, and the rn~~ threshold elevation would always occur at the same velocity of adapting motion, regardless of the velocity of the test bars, This point of maximum threshold elevation would of necessity coincide with that velocity of adapting motion to which the homogeneous elements were most sensitive. Figure 3 shows that, as the velocity of the test bars increased from 2"fsec to 9" set, the relative threshold functions shift rightward along the abscissa toward faster velocities of adapting motion. These shifts of the relative thmhold functions suggest that the elements mediating the detection of contours at the test velocities studied have different distributions of velocity sensitivity.
The di&rence in the effectiveness of velocities of adapting motion faster than and slower tban the velocity of the test bars in producing relative threshoid elevations resembles a finding reported earlier by CARLSON (1962) . In Carlson's study, adapting stimuli faster than the test contour appreciably decreased the apparent velocity of the test contour, while stimuli slower than the test contour had little or no effect.
Two alternative explanations of this asymmetry in the effects of velocities of adapting motion faster than and slower than some test velocity are possible: (1) These results may imply that, at some level of the visual system, elements maximally responsive to a particular velocity of movement are more likely to respond to still higher velocities than they are to velocities which are lower than their maximum; or (2) as the velocity of adapting motion is increased, more contours pass in a given part of the visual field per unit of time. The effect of this increase might be to excite the responding elements more frequently and thereby produce a greater adaptation in those elements than would have occurmd had the number of contours passing in a given part of the visual field per unit of time been held constant. Further research is needed on this point.
In Fig. 3 it is apparent that the greatest relative elevation occurs when the velocity of adapting motion is somewhat greater than the velocity of the test bars, not when adapting and test velocities are identical. This relationship too resembles one reported by CARLSON (1962). The greatest change in apparent velocity of a test contour was produced when the velocity of an adapting stimulus was somewhat greater than the velocity of the test contour, and not when they were identical.
All of the above results were obtained under conditions employing an upward adapting motion. Preliminary experiments with a downward adapting motion have shown that the thresholds for test bars moving in a downward direction (i.e. same condition) are elevated
